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PREFACE 

The w o r k  r e p o r t e d  h e r e i n  was c o n d u c t e d  by t h e  A r n o l d  
E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC), A i r  F o r c e  S y s t e m s  
Command (AFSC),  u n d e r  P r o g r a m  E l e m e n t  6 5 8 0 7 F .  The r e s u l t s  
o f  t h e  t e s t  w e r e  o b t a i n e d  by ARO, I n c .  (a s u b s i d i a r y  o f  
S v e r d r u p  C o r p o r a t i o n ) ,  c o n t r a c t  o p e r a t o r  o f  AEDC, AFSC, 
A r n o l d  A i r  F o r c e  S t a t i o n ,  T e n n e s s e e ,  u n d e r  ARO P r o j e c t  
Number R41D-07A.  D a t a  a n a l y s i s  and  r e p o r t i n g  w e r e  c o n -  
d u c t e d  u n d e r  ARO P r o j e c t  Number R32P-A4A. The a u t h o r  o f  
t h i s  r e p o r t  was B. W. O v e r a l l ,  ARO, I n c .  The d a t a  a n a l y s i s  
was  c o m p l e t e d  on A p r i l  4 ,  1 9 7 6 ,  a n d  t h e  m a n u s c r i p t  (ARO 
C o n t r o l  No. ARO-ETF-TR-76-91 )  was  s u b m i t t e d  f o r  p u b l i c a t i o n  
on A u g u s t  17 ,  1976 .  
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1.0 INTRODUCTION 

The recent increase of emphasis on the effects of inlet 
total-pressure distortion on turbine engine stability and 
performance has resulted in a major effort at ground test 
facilities to improve the duplication of the inlet total- 
pressure profiles encountered during operation of engines 
over the aircraft flight envelope. An engine will encounter 
a variety of distortion patterns over a wide range of engine 
airflow rates. In order to adequately define the engine 
stability characteristics, testing with a large number of 
unique distortion patterns is required. The most widely 
accepted approach to producing the distortion patterns has 
been the use of complex assemblies of various porosity 
screens. The inherent inflexibility of the screen configura- 
tion (single design operating point) and the extensive 
development effort required for each screen dictated the 
need for a more flexible method of producing total-pressure 
distortion. In response to this need, an effort to provide 
an alternate method has been in progress at the Arnold 
Engineering Development Center (AEDC) during recent years 
(Refs. 1 and 2). 

The a i r j e t  d i s t o r t i o n  g e n e r a t o r  (AJDG) s y s t e m  i s  a 
m e t h o d  f o r  p r o d u c i n g  s t e a d y - s t a t e ,  t o t a l - p r e s s u r e  s p a t i a l  
d i s t o r t i o n  a t  t h e  i n l e t  t o  a t u r b i n e  e n g i n e .  The  a i r j e t  
s y s t e m  p r o d u c e s  s t e a d y - s t a t e  d i s t o r t i o n  by i n j e c t i n g  s e c o n -  
d a r y  a i r  c o u n t e r  t o  t h e  p r i m a r y  a i r f l o w .  By i n j e c t i n g  a 
c o n t r o l l e d  a m o u n t  o f  s e c o n d a r y  a i r f l o w  i n  s p e c i f i c  s p a t i a l  
l o c a t i o n s ,  a w i d e  r a n g e  o f  i n l e t  d i s t o r t i o n  p a t t e r n s  c a n  b e  
p r o d u c e d .  D i g i t a l  c o m p u t e r  c o n t r o l  o f  s e c o n d a r y  a i r f l o w  
p r o v i d e s  a d i a l - a - p a t t e r n  c a p a b i l i t y  t h a t  m a k e s  t h e  a i r j e t  
s y s t e m  a h i g h l y  f l e x i b l e  a n d  e f f i c i e n t  t e s t  t o o l .  

The d e v e l o p m e n t  o f  t h e  AJDG s y s t e m  a t  t h e  AEDC h a s  
p r o g r e s s e d  t h r o u g h  t h e  s t a g e s  o f  f e a s i b i l i t y  d e m o n s t r a t i o n ,  
f u n c t i o n a l  a n d  s t r u c t u r a l  e v a l u a t i o n  o f  t h e  a i r  d i s t r i b u -  
t i o n  s y s t e m ,  a n d  e v a l u a t i o n  o f  t h e  a i r  t e m p e r a t u r e -  
c o n d i t i o n i n g  s y s t e m .  A f e a s i b i l i t y  d e m o n s t r a t i o n  o f  t h e  
a i r j e t  s y s t e m  c o n c e p t  was c o n d u c t e d  u n d e r  t h e  s p o n s o r s h i p  
o f  t h e  A i r  F o r c e  A e r o p r o p u l s i o n  L a b o r a t o r y  (AFAPL) d u r i n g  
s t a b i l i t y  t e s t  e v a l u a t i o n  o f  a T F 3 0 - P - 3  t u r b o f a n  e n g i n e  
( R e f .  1 ) .  A s u b s e q u e n t  f u n c t i o n a l  and  s t r u c t u r a l  e v a l u a -  
t i o n  o f  t h e  a i r j e t  s y s t e m ,  a l s o  s p o n s o r e d  by  t h e  AFAPL, i s  
r e p o r t e d  i n  R e f .  2 .  An e v a l u a t i o n  o f  t h e  a i r j e t  s y s t e m  a i r  
s u p p l y  p r e s s u r e -  and  t e m p e r a t u r e - c o n d i t i o n i n g  s y s t e m  was 
s p o n s o r e d  by a n d  c o n d u c t e d  a t  t h e  AEDC. The r e s u l t s  o f  t h e s e  

7 
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prior investigations indicated that the airjet system was a 
viable method for producing steady-state, total-pressure 
distortion. 

The p u r p o s e  o f  t h e  i n v e s t i g a t i o n  r e p o r t e d  h e r e i n  was 
t o  v a l i d a t e  t h e  c a p a b i l i t y  o f  t h e  t o t a l  s y s t e m  when  u t i l i z e d  
f o r w a r d  o f  a t y p i c a l ,  p r e s e n t - d a y  t u r b o f a n  e n g i n e  i n  a 
n o r m a l  t u r b i n e  e n g i n e  t e s t  e n v i r o n m e n t .  The s p e c i f i c  t e s t  
o b j e c t i v e s  w e r e  (1)  t o  a s s e s s  t h e  f i d e l i t y  w i t h  w h i c h  t h e  
a i r j e t  s y s t e m  c o u l d  p r o d u c e  a d e s i r e d  p a r a m e t r i c  t o t a l -  
p r e s s u r e  p a t t e r n ,  (2)  t o  d e m o n s t r a t e  t h e  c a p a b i l i t y  o f  t h e  
a i r j e t  s y s t e m  t o  m a i n t a i n  a c o m p o s i t e  t o t a l - p r e s s u r e  p a t t e r n  
o v e r  a r a n g e  o f  e n g i n e  a i r f l o w  r a t e s ,  a n d  (3)  t o  c o m p a r e  t h e  
e f f e c t s  o f  i n l e t  d i s t o r t i o n  p r o d u c e d  by s c r e e n s  t o  t h o s e  
p r o d u c e d  by t h e  a i r j e t  d i s t o r t i o n  g e n e r a t o r  s y s t e m  on t h e  
s t a b i l i t y  c h a r a c t e r i s t i c s  o f  a p r e s e n t - d a y  t u r b o f a n  e n g i n e .  

This report defines the fidelity of parametric inlet 
pressure distortion patterns produced by the airjet system 
and describes the capability of the airjet system to main- 
tain a composite distortion pattern over a range of engine 
power settings. A comparison of the stability sensitivity 
of a present-day turbofan engine with screen-produced 
distortion to that with airjet-produced distortion is 
presented. Operational characteristics of the airjet 
system are discussed. 

2.0 APPARATUS 

2.1 TEST ARTICLE 

The a i r j e t  d i s t o r t i o n  g e n e r a t o r  i s  a s y s t e m  u s e d  t o  
p r o d u c e  s t e a d y - s t a t e ,  t o t a l - p r e s s u r e  d i s t o r t i o n  a t  t h e  i n l e t  
o f  a t u r b i n e  e n g i n e  by f o r w a r d  i n j e c t i o n  o f  s e c o n d a r y  a i r  
( c o u n t e r  t o  t h e  p r i m a r y  a i r )  a t  s e l e c t e d  s p a t i a l  l o c a t i o n s .  
The AJDG s y s t e m  c o n s i s t s  o f  two b a s i c  s u b s y s t e m s ,  an  a i r  
s u p p l y  t e m p e r a t u r e -  and  p r e s s u r e - c o n d i t i o n i n g  s y s t e m  a n d  an  
a i r f l o w  d i s t r i b u t i o n  s y s t e m .  

The a i r  s u p p l y  t e m p e r a t u r e -  and  p r e s s u r e - c o n d i t i o n i n g  
s y s t e m  c o n d i t i o n s  t h e  s e c o n d a r y  a i r  t o  t h e  t e m p e r a t u r e  l e v e l  
r e q u i r e d  t o  m a t c h  t h e  p r i m a r y  e n g i n e  i n l e t  a i r  t e m p e r a t u r e  
and  t h r o t t l e s  t h e  s e c o n d a r y  a i r f l o w  t o  p r o d u c e  a d e s i r e d  
p r e s s u r e  l e v e l  a t  t h e  s u p p l y  m a n i f o l d .  

The a i r f l o w  d i s t r i b u t i o n  s y s t e m  m e t e r s  s e c o n d a r y  a i r f l o w  
t o  e a c h  o f  t h e  56 i n j e c t i o n  p o r t s  as  r e q u i r e d  t o  p r o d u c e  t h e  
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d e s i r e d  t o t a l - p r e s s u r e  d e c r e m e n t  a t  e a c h  s p a t i a l  l o c a t i o n .  
A f u n c t i o n a l  s c h e m a t i c  o f  t h e  AJDG s y s t e m  i s  p r e s e n t e d  i n  
F i g .  1. 

2.1.1 Air Supply Temperature- and Pressure-Conditioning System 

The AJDG a i r  s u p p l y  t e m p e r a t u r e -  and  p r e s s u r e -  
c o n d i t i o n i n g  s y s t e m  i s  c o m p r i s e d  o f  t h e  b a s i c  s u b s y s t e m s  
l i s t e d  b e l o w :  

. H i g h - p r e s s u r e  ( 3 , 0 0 0  p s i a )  a i r  s u p p l y ,  f l o w - r a t e  
m e a s u r e m e n t  and  c o n t r o l  s t a t i o n s ,  

. H i g h - t e m p e r a t u r e  ( a b o v e  a m b i e n t )  a i r - c o n d i t i o n i n g  
s y s t e m ,  

. Low-temperature air-conditioning system (not 
active during the tests repor%ed herein), 

4. Conditioned air manifold assembly, and 

5. S t e a m  a n d  n i t r o g e n  s e r v i c e  s y s t e m s .  

The filtered high-pressure air supply pressure is 
r e g u l a t e d  by a c o n t r o l  v a l v e  u p s t r e a m  o f  a d u a l - r a n g e  f l o w -  
m e a s u r i n g  s t a t i o n .  A i r f l o w  t h r o u g h  e i t h e r  o r  b o t h  o f  t h e  
f l o w - m e a s u r i n g  s t a t i o n s  i s  c o n t r o l l e d  by r e m o t e l y  o p e r a t e d  
o n / o f f  v a l v e s .  The f l o w - m e a s u r i n g  s y s t e m  c o n s i s t s  o f  a 
p a r a l l e l  l e g  a r r a n g e m e n t  w i t h  ASME s h a r p - e d g e d  o r i f i c e s  
s i z e d  t o  a c c o m m o d a t e  s p e c i f i c  a i r f l o w  r a n g e s  (5 t o  20 a n d  
16 t o  40 l b m / s e c ) .  A i r  d i s c h a r g e d  f r o m  t h e  f l o w - m e a s u r i n g  
s t a t i o n  i s  d i r e c t e d  t h r o u g h  e i t h e r  t h e  h i g h -  o r  l o w -  
t e m p e r a t u r e - c o n d i t i o n i n g  s y s t e m .  

The high-temperature air-conditioning system consists 
o f  an a i r f l o w  l e g  t h r o u g h  a s t e a m  h e a t  e x c h a n g e r  and  a 
b y p a s s  a i r f l o w  l e g .  D e s i r e d  a i r  t e m p e r a t u r e  a t  t h e  o u t l e t  
o f  t h e  h i g h - t e m p e r a t u r e  a i r - c o n d i t i o n i n g  s y s t e m  i s  a t t a i n e d  
by m i x i n g  " h o t  a i r "  f r o m  t h e  h e a t  e x c h a n g e r  w i t h  a m b i e n t  
s u p p l y  a i r .  A i r f l o w  s p l i t  t h r o u g h  t h e  two l e g s  i s  r e g u l a t e d  
by t h e  p o s i t i o n  o f  c o n t r o l  v a l v e s  i n  e a c h  l e g .  

The l o w - t e m p e r a t u r e  air-conditioning s y s t e m ,  a l t h o u g h  
n o t  a c t i v e  f o r  t h e  t e s t  r e p o r t e d  h e r e i n ,  o p e r a t e s  i n  t h e  
same m a n n e r  as  t h e  h i g h - t e m p e r a t u r e - c o n d i t i o n i n g  s y s t e m .  

An engine inlet bypass capability is provided in order 
to independently operate the AJDG system (during system 
startup and shutdown) while the desired temperature and 
flow rate is being established. 

9 
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2.1.2 Secondary Airflow Distribution System 

Conditioned air is directed from the manifold to the 
desired spatial location and counter to the direction of 
primary airstream flow using a set of 56 metering valves, 
connecting tubing, and drilled passage struts (Fig. 2). 
The metering valves regulate the flow rate through each 
strut passage (spatial location) as required for the 
specific total-pressure decrement required in that loca- 
tion. Manifold pressure is maintained at a level which 
ensures that each strut discharge port operates as a sonic 
orifice. The struts are aerodynamically designed such 
that the strut body produces minimum disturbance to the 
primary airstream. 

The airjet valves are individually controlled by a 
digital computer. A functional schematic of the airflow 
distribution system control is presented in Fig. 3. Engine 
inlet pressure level is determined from total-pressure 
measurements at the engine face. The pressure levels 
measured at the engine inlet are transposed to equivalent 
locations (comparable flow area for each pressure value) at 
the plane of the jets and normalized by the face average 
pressure. The transposed local pressure ratios are inter- 
polated to the locations of the 56 jets. Circumferential 
interpolation is linear, whereas radial interpolation Is 
from a second-order Lagrangian curve fit. The computer 
compares the actual pressure level at each spatial location 
to the desired level and commands the airjet valves to 
either open or close as required to establish the desired 
pressure levels. 

The command to each individual airjet valve is 
determined by the digital computer program logic as shown 
in Fig. 4. Basic logic functions determine the overall 
pattern root mean square error (RMSE) and the individual 
error (El) at each spatial location. Valve direction is 
determined by comparing the measured pressure level (PRMI) 
with the desired pressure level (PRDI) at each spatial 
location; if the measured pressure level is higher than 
desired, the valve is directed to open; if measured pressure 
is lower than desired, the valve is directed to close. The 
selection of control valves to be repositioned is determined 
by comparing the error in local pressure level with the 
overall pattern error. Those valves controlling secondary 
airflow to areas with local pressure errors greater than the 
overall pattern error are directed to move and all remaining 
valves are unchanged. The amount of valve movement is the 
same for all valves and is determined by comparing the 

l0 
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o v e r a l l  p a t t e r n  e r r o r  w i t h  p r e s e l e c t e d  r a n g e s .  The  r a n g e  
o f  o v e r a l l  p a t t e r n  e r r o r  d i c t a t e s  t h e  p a r t i c u l a r  v a l v e  

t r a v e l  t i m e .  V a l v e  t r a v e l  t i m e s  a r e  s e l e c t e d  s u c h  t h a t  
v a l v e  t r a v e l  b e c o m e s  s m a l l e r  a s  o v e r a l l  p a t t e r n  e r r o r  i s  
r e d u c e d .  

Valve command control logic is summarized as follows: 

V a l v e  S e l e c t i o n  

E1 • RMSE EI ~ RMSE 

Move No M o v e m e n t  

Valve Direction 

( P R D I - P R M I )  • 0 (PRDI -PRMI)  <__ 0 
Close Open  

Valve Travel 

RMSE • X X • RMSE • Y RMSE < Y 

Timer #I Timer #2 ~ Timer #3 

2.2 TEST EQUIPMENT 

2.2.1 Turbofan Engine 

The engine used for this test is a production model, 
present-day turbofan engine. The engine is a low bypass, 
nonaugmented turbofan engine of the 15,000-1bf-thrust class. 

F o r  t h i s  t e s t  t h e  e n g i n e  was  o p e r a t e d  i n  t h e  p r o d u c -  
t i o n  c o n f i g u r a t i o n  e x c e p t  t h a t  a f a c i l i t y  h i g h - p r e s s u r e  a i r  
s u p p l y  s y s t e m  was  i n s t a l l e d  t o  i n b l e e d  a i r  t o  t h e  h i g h -  
p r e s s u r e  c o m p r e s s o r  (HPC) d i s c h a r g e  t o  b a c k - p r e s s u r e  t h e  
h i g h - p r e s s u r e  c o m p r e s s o r  a n d  an  e x h a u s t  n o z z l e  p l u g  w a s  
i n s t a l l e d  t o  v a r y  t h e  n o z z l e  e x i t  a r e a  a n d  b a c k - p r e s s u r e  
t h e  f a n .  

2.2.2 Inlet Distortion Screens 

T h r e e  d i s t o r t i o n  s c r e e n  p a t t e r n s  w e r e  u s e d  d u r i n g  t h e  
t e s t  p r o g r a m .  The d e s i r e d  t o t a l - p r e s s u r e  p a t t e r n s  w h i c h  

~ e r e  d u p l i c a t e d  b y  t h e  AJDG w e r e  d e f i n e d  f r o m  m e a s u r e d  i n l e t  
p r e s s u r e  v a l u e s  w i t h  t h e  s c r e e n s  i n s t a l l e d .  T h r e e  s c r e e n  
p a t t e r n s  w e r e  u s e d  t o  s i m u l a t e  t h e  f o l l o w i n g  i n l e t  d i s t o r -  
t i o n  p a t t e r n s :  

11 
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S c r e e n  C o n f i g u r a t i o n  P a t t e r n  

R41D-O7A-IF 

R41D-O7A-2F 

R41D-O7A-3F 

180  d e g ,  o n e  p e r  r e v o l u t i o n  

T i p  r a d i a l  

Hub r a d i a l  

E a c h  s c r e e n  c o n f i g u r a t i o n  w a s  c o m p r i s e d  o f  a s i n g l e ,  
c o n s t a n t  p o r o s i t y  w i r e  c l o t h .  T h e  s c r e e n  w a s  p e r m a n e n t l y  
m o u n t e d  o n  a 1 -  b y  1 -  b y  0 . 1 2 5 - i n .  s t a i n l e s s  s t e e l  b a c k i n g  
g r i d .  

2.3 INSTALLATION 

The  a i r j e t  d i s t o r t i o n  g e n e r a t o r  s y s t e m  w a s  u s e d  i n  
c o n j u n c t i o n  w i t h  a n o r m a l  e n g i n e  t e s t  i n s t a l l a t i o n .  A 
s c h e m a t i c  o f  t h e  o v e r a l l  t e s t  i n s t a l l a t i o n  i s  p r e s e n t e d  i n  
F i g .  5 .  

The  i n i t i a l  d i s t o r t i o n  t e s t i n g  w a s  w i t h  d i s t o r t i o n  
s c r e e n s  ( a i r j e t  s t r u t s  h o t  i n s t a l l e d ) .  The  s c r e e n s  w e r e  
i n s t a l l e d  a t  t h e  s a m e  r e l a t i v e  l o c a t i o n  a s  t h e  a i r j e t  s t r u t s  
( F i g .  6 ) .  

The  AJDG s u p p l y  a i r  p r e s s u r e -  a n d  t e m p e r a t u r e -  
c o n d i t i o n i n g  s y s t e m  w a s  l o c a t e d  i n  t h e  t e s t  a r e a  a d j a c e n t  
t o  t h e  E n g i n e  T e s t  F a c i l i t y  (ETF)  P r o p u l s i o n  D e v e l o p m e n t  
T e s t  C e l l  ( T - 4 ) .  A 4 - i n . - d i a m  s u p p l y  l i n e  c o n n e c t e d  t h e  
h i g h - p r e s s u r e  a i r  s u p p l y  t o  t h e  AJDG c o n d i t i o n i n g  s y s t e m .  
T h e  AJDG m a n i f o l d  w a s  m o u n t e d  i n  t h e  f o r w a r d  e n d  o f  t h e  
t e s t  c e l l .  A 4 - i n . - d i a m  l i n e  c o n n e c t e d  t h e  AJDG c o n d i t i o n i n g  
s y s t e m  a n d  t h e  m a n i f o l d .  

The  a i r j e t  s t r u t s  w e r e  i n s t a l l e d  i n  t h e  e n g i n e  i n l e t  
d u c t  a p p r o x i m a t e l y  42 i n .  u p s t r e a m  o f  t h e  e n g i n e  i n l e t  p l a n e  
( F i g .  6 b ) .  A 3 / 4 - i n .  a i r f l o w  c o n t r o l  v a l v e  was  i n s t a l l e d  
a t  e a c h  o f  t h e  m a n i f o l d  d i s c h a r g e  p o r t s .  S t a i n l e s s  s t e e l ,  
3 / 4 - i n . - d i a m  t u b i n g  c o n n e c t e d  e a c h  c o n t r o l  v a l v e  t o  i t s  
a p p r o p r i a t e  s t r u t  p a s s a g e .  

T h e  e n g i n e  a s s e m b l y  a n d  e n g i n e  s u p p o r t  m o u n t  w e r e  
i n s t a l l e d  o n  a t h r u s t  s t a n d  w h i c h  w a s  f l e x u r e  m o u n t e d  o n  
a m o d e l  s u p p o r t  c a r t .  The  p r i m a r y  a i r f l o w  r a t e  w a s  m e a s u r e d  
u s i n g  a c r i t i c a l - f l o w  v e n t u r i  l o c a t e d  a p p r o x i m a t e l y  45  f t  
u p s t r e a m  o f  t h e  e n g i n e  b e l l m o u t h .  The  e n g i n e  i n l e t  p l e n u m  
c o n t a i n e d  a f l o w - s t r a i g h t e n i n g  g r i d  w i t h  u n i f o r m  s c r e e n  
o v e r l a y ,  a c o r e  b l o c k a g e  p l a t e ,  a n d  a b e l l m o u t h  t o  e n s u r e  a 
u n i f o r m  l o w  d i s t o r t i o n  a i r f l o w  i n t o  t h e  e n g i n e  i n l e t  d u c t .  
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The engine inlet ducting, attached to the instrumented engine 
inlet extension, extended into a zero-leakage, labyrinth-type 
air seal. 

An exhaust gas ejector, mounted approximately 16 in. 
downstream of the exhaust nozzle, utilized the energy of the 
engine exhaust to augment the facility exhaust machines. A 
high-pressure compressor inbleed air system and a movable 
exhaust nozzle plug were installed to load the engine compres- 
sion system during stability testing. 

A detailed description of Test Cell T-4 is presented in 
Ref. 3. 

2.4 INSTRUMENTATION 

Instrumentation was provided to measure aerodynamic 
pressures and temperatures as required to monitor the opera- 
tion of the airjet distortion generator system. Airjet 
supply system aerodynamic pressure and temperature sensors 
were located as shown in Fig. 7. 

Engine instrumentation was provided to measure aero- 
dynamic pressures and temperatures, rotor speeds, and other 
engine parameters as required for proper and safe operation. 
Aerodynamic pressure and temperature sensors were located 
at the stations shown in Fig. 8. Diagrams showing the 
number and type of instrumentation at each station are 
presented in Fig. 9. 

Aerodynamic pressures were measured with strain-gage- 
type transducers. Temperatures were measured with iron- 
constantan, copper-constantan, and Chromel~-Alumel ® thermo- 
couples. The voltage outputs of the transducers and 
thermocouples were recorded on magnetic tape from high- 
speed, analog-to-digital converters and converted to 
engineering units by an electronic digital computer. 
Selected channels of pressure and temperature were displayed 
in the control room for observation during engine operation. 

Dynamic pressure measurements were obtained at the 
engine inlet, fan exit, intermediate compressor exit, and 
high-pressure compressor exit using semiconductor strain- 
gage transducers and associated electronic circuitry. The 
analog outputs of the transducers were recorded on magnetic 
tape. 

Power lever and high-pressure compressor inlet guide 
vane positions were obtained using linear potentiometers 

13 
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c o n n e c t e d  t o  t h e  a c t u a t i o n  l i n k a g e s .  T h e  v o l t a g e  o u t p u t s  o f  
t h e  p o t e n t i o m e t e r s  w e r e  r e c o r d e d  o n  m a g n e t i c  t a p e  f r o m  h i g h -  
s p e e d  a n a l o g - t o - d i g i t a l  c o n v e r t e r s  a n d  c o n v e r t e d  t o  e n g i n e e r -  
i n g  u n i t s  b y  a d i g i t a l  c o m p u t e r .  V o l t a g e  o u t p u t s  f r o m  e a c h  
p o t e n t i o m e t e r  w e r e  u s e d  t o  d r i v e  a m i l l i a m m e t e r  d i s p l a y  i n  
t h e  c o n t r o l  r o o m .  

Fan and high-pressure compressor rotor speeds were 
measured using variable reluctance tachometer generators. 
The output signals were recorded on magnetic tape from the 
frequency-to-analog converter and converted to rpm by a 
digital computer. Control room indication was displayed on 
a digital frequency counter and also on a milliammeter dis- 
play from a frequency-to-analog converter. 

The instrumentation ranges, recording methods, and 
posttest estimates of measurement uncertainty are presented 
in Table 1. 

2.5 CALIBRATION 

All transducer and system calibrations performed during 
the test are traceable to the National Bureau of Standards 
(NBS). Each link in the traceability chain back to the NBS 
is maintained and documented by the AEDC Standards Laboratory 
(Ref. 4). 

The aerodynamic pressure measurement transducers 
utilized in the Automatic Multiple Pressure Scanning (AMPS) 
System (Table I) were in-place calibrated before and after 
each test period by applying multiple pressure levels within 
the pressure range from 0.5 to 50 psia. Each applied pres- 
sure level was measured with a pressure-measuring device 
calibrated in the AEDC Standards Laboratory. The AMPS System 
transducers utilized for aerodynamic pressure measurements 
above 50 psia, and all other pressure transducers (Table I), 
were calibrated in the AEDC Standards Laboratory to establish 
their applied pressure versus resistance shunt equivalent 
pressure relationship. Before and after each test period, 
multiple step resistance shunt calibrations were performed 
to calibrate the pressure-recording system. For example, a 
100-psia pressure transducer in the AMPS system was in-place 
calibrated up to 50 psia and resistance shunt calibrated 
from 50 to 100 psia. 

All facility-supplied thermocouples were fabricated 
from wire conforming to Instrument Society of America 
specifications. Internal engine thermocouples were supplied 
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by t h e  e n g i n e  m a n u f a c t u r e r .  B e f o r e  and  a f t e r  e a c h  t e s t  
p e r i o d ,  known m i l l i v o l t  l e v e l s  w e r e  a p p l i e d  t o  e a c h  
t e m p e r a t u r e - r e c o r d i n g  s y s t e m ,  and  t h e  c o r r e s p o n d i n g  t e m p e r a -  
t u r e  e q u i v a l e n t s  w e r e  o b t a i n e d  f r o m  1 5 0 ° F  r e f e r e n c e  t a b l e s  
b a s e d  on t h e  NBS t e m p e r a t u r e  v e r s u s  m i l l i v o l t  t a b l e s .  
N o n l i n e a r i t y  i n  t h e  t h e r m o c o u p l e  c h a r a c t e r i s t i c s  w e r e  
a c c o u n t e d  f o r  i n  t h e  d a t a  r e d u c t i o n  p r o g r a m .  

The position indicators for power lever position and 
high-pressure compressor guide vane angle were in-place 
calibrated at selected intervals during the test program. 
End point calibrations were made based on mechanical stops 
built into the engine hardware. 

The speed-measuring system transducer and transducer- 
to-engine rotor coupling characteristics were utilized to 
determine the rotor revolutions per minute versus frequency 
relationship. Before and after each test period, the speed- 
recording systems were calibrated by applying known frequency 
input levels from a frequency generator calibrated in the 
AEDC Standards Laboratory. 

3.0 PROCEDURE 

3.1 SIMULATED FLIGHT CONDITION 

Conditioned air was supplied to the engine inlet at the 
total pressure and temperature required to simulate the 
desired flight condition. Test cell pressure was set at the 
level corresponding to the desired altitude in geopotential 
feet, based on 1962 U. S. Standard Atmosphere (Ref. 5). One- 
dimensional, isentropic, compressible flow functions were 
used to determine the free-stream total temperature and pres- 
sure for the desired Mach number. An engine inlet pressure 
ram recovery, as defined in Ref. 6, was used to determine the 
desired compressor inlet total pressure for all flight condi- 
tions. 

All testing was conducted at a simulated flight condi- 
tion corresponding to 45,000 ft, Mach number 1.2, hot day 
condition. 

3.2 AIRJET DISTORTION GENERATOR SYSTEM 

The a i r j e t  d i s t o r t i o n  g e n e r a t o r  s y s t e m  was b r o u g h t  
o n l i n e  by f l o w i n g  s e c o n d a r y  a i r  t h r o u g h  t h e  b y p a s s  s y s t e m .  

15 



AEDC-TR-76-141 

The system was set to operate near the secondary airflow 
expected to be required to produce the specified inlet dis- 
tortion. Air supply system automatic controls were set to 
deliver secondary air conditioned to the temperature level 
of the primary air at a pressure level of approximately 
450 psia at the manifold. At the time inlet distortion was 
required, the secondary air distribution system computer 
control program was activated. As the airjet distribution 
system valves were opened, the secondary air was diverted 
to the engine inlet by closing the bypass valves. 

3.3 ENGINE SURGE TESTING 

Basic engine operation for surge testing was the same 
for all inlet conditions (clean, airjet distortion, and 
screen distortion). The engine was stabilized on its 
normal operating line at the selected power setting. Then 
the engine was driven from its normal operating line to 
surge using iubleed air to the high compressor discharge 
and a movable plug to vary exhaust nozzle area. Engine air- 
flow was maintained constant by adjusting the power lever 
(resulting in a slight increase in rotor speed match). 

3.4 METHODS OF CALCULATION 

The methods used to calculate the data parameters are 
presented in Appendix A. 

4.0 RESULTS AND DISCUSSION 

A performance evaluation of an airjet distortion 
generator system was conducted with three parametric and 
one composite total-pressure distortion pattern. The com- 
pression system stability characteristics of a present-day 
turbofan engine with screen-produced, inlet total-pressure 
distortion are compared to stability characteristics with 
airjet distortion generator-produced distortion for each of 
the three parametric distortion patterns. 

T h e  primary objectives of the test were to assess the 
fidelity of the total-pressure distortion patterns pro- 
duced by the airjet system, to determine the ability of the 
airjet system to maintain a specified composite distortion 
pattern over a range of airflow rates, and to evaluate any 
differences in engine stability with screen and airjet- 
produced distortion. 
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The test results relative to primary objectives are 
presented herein. Additional test results concerning airjet 
system operation are included. 

4.1 INLET TOTAL-PRESSURE PATTERN FIDELITY 

The AJDG system is designed to produce steady-state, 
total-pressure spatial distortion at the inlet of a turbine 
engine. The secondary airflow introduced by the AJDG system 
is conditioned to match the primary engine supply air tem- 
perature. The fidelity of the inlet distortion pattern 
produced by the AJDG system was evaluated for three para- 
metric inlet distortion patterns (180 deg, one per revolu- 
tion; tip radial; hub radial). Each pattern was first 
produced and measured using a distortion screen installed 
in the engine inlet ducting. The AJDG system was then used 
to reproduce the inlet pressure pattern measured with the 
screen installed. 

4.1.1 Steady-State, Total-Pressure Distortion 

Steady-state, total-pressure distortion pattern quality 
can be described by the pattern characteristic appearance 
and distortion level, P2DIST (Appendix A). Pattern character- 
istics, as shown by isobar maps at the engine inlet, are 
presented in Fig. 10. For each pattern, the AJDG system 
produced similar areas of high and low total pressure and 
maintained similar area contours to those produced by the 
distortion screens. The distortion level of each pattern 
produced by the AJDG system agreed with the screen-produced 
distortion level within three-percent absolute distortion. 

Although pattern characteristics and distortion level 
are good indications of pattern quality, the specific 
definition of each inlet pattern should be made on the basis 
of a comparison of individual pressure levels at the specific 
spatial locations. Individual pressure values for each 
pattern are compared in Fig. 10. 

The overall agreement between the measured and desired 
local pressure levels can be quantified by the RMSE 
(Appendix A). For the three patterns, the RMSE ranged from 
±0.7 to ±2.3 percent. The largest RMSE generally occurred 
at the highest distortion levels. A summary of EMSE values 
for all patterns is presented in Table 2. 
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4.1.2 Inlet Total-Pressure Pattern Repeatability 

The high degree of flexibility associated with the AJDG 
system was demonstrated for a typical composite pressure 
distortion pattern encountered during aircraft flight 
maneuver. A distortion pattern measured during a flight test 
program with 48 total-pressure probes at the engine inlet was 
used as a desired pattern. This pattern was defined by the 
48 total-pressure values located at the center of equal 
areas. The capability of the AJDG system to produce a 
constant composite distortion pattern over a range of cor- 
rected engine airflows from 160 to 240 lbm/sec (idle to 
intermediate engine power at 45,000 ft, Mach No. 1.2 condi- 
tion) is demonstrated by the isobar maps of the pattern 
presented in Fig. ll. At each airflow level, the pattern 
characteristics were reproduced with the distortion level 
(P2DIST) maintained within the range from II to 15 percent 
as airflow was increased from 160 to 240 Ibm/sec. Overall 
pattern quality was excellent with RMSE ranging from 1.0 to 
1.4 percent (Table 2). 

4.1.3 Steady-State, Total-Pressure Set Time 

An advantage of the AJDG system ~s the capability to 
rapidly set a desired distortion pattern upon command. The 
system is capable of changing the engine inlet conditions 
from clean (low distortion) to a specified distortion pattern 
or from one distortion pattern to another during a given test 
period, whereas screen-generated distortion testing is limited 
to a single distortion pattern at the design engine airflow 
level during a given test period. The time savings associated 
with the AJDG system includes both engine test time and the 
time required to design, fabricate, install, and calibrate a 
distortion screen. A comparison of the time required to 
produce a specific distortion pattern with screens and with 
the AJDG system is shown in Fig. 12. Thd total time required 
to develop a distortion screen with an acceptable pattern 
quality (RMSE approximately 2 percent) is on the order of 12 
working days. With the AJDG system, a specific, desired 
distortion pattern is available essentially upon command; the 
typical time required for the AJDG system to set a desired 
pattern has been demonstrated to be less than two minutes. 

4.1.4 Time Variant Inlet Total Pressure 

A limited survey of time variant total-pressure levels 
was made in the inlet airstream upstream of the engine face. 
The measurements (two spatial locations, Fig. 9a) were 
sufficient to provide only a qualitative assessment of the 
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time variant pressure characteristics at the engine face of 
the engine inlet. A comparison of the power spectral density 
functions for the inlet total pressure is presented in Figs. 
13 through 15 for both AJDG and screen-produced distortion 
patterns. Inlet turbulence (~PRMS/P2, Appendix A) was 
consistently higher with the AJDG system than with screens. 
Inlet turbulence levels were calculated for the frequency 
range from the lower measuring limit (5 Hz) to the frequency 
level corresponding to the fan rotor speed (160 Hz). Local 
turbulence levels for the screen-produced distortion patterns 
were on the order of one percent. With the AJDG system, the 
local turbulence levels, at corrected engine airflows of 200 
Ibm/sec, were two, three, and five percent for the 180 deg, 
tip radial, and hub radial patterns, respectively. The in- 
creas~ in turbulence levels for the AJDG-produced distortion 
patterns over those levels for screen-produced patterns is 
indicative of differences in the inlet flow field as discussed 
in Section 4.4. 

4.1.5 Steady-State, Inlet Total-Temperature Match Capability 

Testing of the AJDG system with the engine installed 
was conducted using secondary air that was temperature 
conditioned to match the primary engine supply air tempera- 
ture within ±3OF. In addition, an evaluation of the inlet 
temperature error (difference in measured temperatures down- 
stream of flowing jets and nonflowing jets) resulting from 
primary and secondary air mixing was conducted during testing 
with an engine inlet simulator. In this evaluation, the 
primary and secondary air temperatures were intentionally 
mismatched in selected increments up to 15°F at various 
levels of secondary airflow. Engine inlet temperature error 
as a function of primary and secondary air temperature mis- 
match is presented in Fig. 16. At temperature mismatch 
levels up to 3°F, no error in inIet temperature was discern- 
ible. An inlet temperature error of approximately 0.5°F was 
evident at a primary and secondary air temperature mismatch 
of 6°F. For a temperature mismatch of up to 6°F, there is 
no defined trend of temperature error with secondary airflow. 
At a temperature mismatch of lO°F, the inlet temperature 
error increased with increasing secondary airflow and was 
1.7°F at a secondary airflow level of 13 percent of total 
airflow. Inlet temperature error with a mismatch of 15°F 
increased from I.I to 3.1°F as secondary airflow was in- 
creased from~5 to 13 percent of total airflow and to 3.3°F 
as secondary airflow was further increased to 19 percent of 
the total airflow. 
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4.2 COMPRESSION SYSTEM COMPONENTS TOTAL-PRESSURE AND 
TEMPERATURE PROFILES 

The  s t e a d y - s t a t e ,  t o t a l - p r e s s u r e  p a t t e r n  p r o d u c e d  by  
t h e  AJDG wa s  i n  g o o d  a g r e e m e n t  (RMSE < 2 . 5  p e r c e n t )  w i t h  
t h a t  p r o d u c e d  by  t h e  i n l e t  s c r e e n s .  T h e  d i f f e r e n c e s  i n  
t o t a l - p r e s s u r e  p r o f i l e s  a t  t h e  e n g i n e  w e r e  a t t e n u a t e d  by  
t h e  c o m p r e s s i o n  s y s t e m  c o m p o n e n t s  a s  s h o w n  i n  F i g .  1 7 .  F o r  
tt~e h u b  r a d i a l  d i s t o r t i o n  p a t t e r n ,  e n g i n e  i n l e t  p r o f i l e  
d i f f e r e n c e s  o f  t h r e e  p e r c e n t  w e r e  r e d u c e d  s u c h  t h a t  t h e r e  
was  no  m e a s u r a b l e  d i f f e r e n c e  i n  t h e  t o t a l - p r e s s u r e  p r o f i l e s  
a t  t h e  i n l e t  t o  t h e  h i g h - p r e s s u r e  c o m p r e s s o r  ( s u r g e  c o m p o -  
n e n t  ) . 

The  t o t a l - t e m p e r a t u r e  p r o f i l e s  a t  t h e  c o m p r e s s i o n  
s y s t e m  c o m p o n e n t  m e a s u r i n g  s t a t i o n s  a r e  p r e s e n t e d  i n  F i g .  
1 8 .  The  u n i f o r m  e n o ' i n e  i n l e t  t e m p e r a t u r e  w i t h  d i s t o r t i o n  
p r o d u c e d  by  t h e  s c r e e n  a n d  AJDG s y s t e m  i s  r e f l e c t e d  i n  t h e  
t o t a l - t e m p e r a t u r e  p r o f i l e s  t h r o u g h  t h e  c o m p r e s s o r s .  A t  
e a c h  m e a s u r i n g "  s t a t i o n ,  t h e  t o t a l - t e m p e r a t u r e  p r o f i l e s  w i t h  
s c r e e n  a n d  AJDG d i s t o r t i o n  a g r e e  w i t h i n  0 . 5  p e r c e n t .  

4.3 ENGINE STABILITY RESPONSE 

The  c u r r e n t l y  a c c e p t e d  m e t h o d  o f  p r o d u c i n g  s t e a d y -  
s t a t e ,  t o t a l - p r e s s u r e  d i s t o r t i o n  f o r  t u r b i n e  e n g i n e  s t a b i l i t y  
t e s t i n g  u s e s  t h e  t e c h n i q u e  o f  i n s t a l l i n g  v a r i o u s  p o r o s i t y  
s c r e e n s  i n  t h e  e n g i n e  i n l e t .  I n  o r d e r  f o r  t h e  AJDG t o  b e  a n  
a c c e p t a b l e  a l t e r n a t e  m e t h o d ,  i t  i s  n e c e s s a r y  t o  d e f i n e  a n y  
d i f f e r e n c e s  i n  e n g i n e  s t a b i l i t y  w i t h  d i s t o r t i o n  p r o d u c e d  b y  
t h e  tw o  m e t h o d s .  D u r i n g  t h i s  t e s t ,  e n g i n e  s t a b i l i t y  was  
d e t e r m i n e d  f o r  t h r e e  p a r a m e t r i c  d i s t o r t i o n  p a t t e r n s  p r o d u c e d  
by  i n l e t  s c r e e n s  a n d  by  t h e  AJDG s y s t e m .  T h e  t e s t  p r o c e d u r e  
p r o v i d e d  a d i r e c t  c o m p a r i s o n  o f  e n g i n e  o p e r a t i o n  w i t h  t h e  
s a m e  s t e a d y - s t a t e  d i s t o r t i o n  p a t t e r n  p r o d u c e d  by  t h e  t w o  
m e t h o d s .  E n g i n e  s t a b i l i t y  was  a l s o  d e t e r m i n e d  w i t h  a n d  w i t h -  
o u t  t h e  a i r i e r  s t r u t s  i n s t a l l e d  (no  s e c o n d a r y  a i r f l o w )  t o  
e v a l u a t e  t h e  e f f e c t s  o f  t h e  s t r u t s  o n  t h e  c l e a n  i n l e t  f l o w  
p a t t e r n .  

4.3.1 AJDG Installed, No Secondary Airflow 

In order to increase, the test configuration flexibility, 
it is desirable to have the capability of conducting either 
clean inlet or distortion testing with the same hardware 
installation. Baseline engine stability was determined with- 
out the airjet struts installed and with the airjet struts 
installed but with no secondary airflow. 
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The steady-state, inlet distortion level was not affected 
by the installation of the AJDG struts. For both installa- 
tions, the inlet distortion (P2DIST) was nominally 0.5 percent 
at the highest corrected airflow (WA2R2 = 200 lbm/sec). In- 
let total-pressure turbulence was less than one percent for 
both installations. 

Engine bypass ratio and rotor speed ratio is presented 
as a function of engine pressure ratio in Fig. 19. Bypass 
ratio followed the expected trend of decreasing with 
increasing engine pressure ratio. Rotor speed ratio in- 
crease during engine loading corresponded to the increase in 
engine power level required to maintain a constant engine 
airflow. 

The operating maps for the three compression system 
components (fan, intermediate compressor, and high-pressure 
compressor) are presented in Fig. 20. The operating path of 
each component was controlled by the loading technique used 
during the surge testing. The fan pressure ratio was in- 
creased by reducing the engine exhaust nozzle area, and 
total airflow was maintained constant by increasing the 
engine power setting. The HPC pressure ratio was increased 
by in-bleeding air to the HPC discharge. The increase in 
engine power setting required to maintain constant engine 
airflow resulted in an increase in HPC airflow. The inter- 
mediate pressure compressor moved along its normal operating 
line as the engine power was increased. 

The high-pressure compressor normal operating line 
(operation with no inbleed and at design nozzle area) was 
not affected by the installation of the airjet struts 
(Fig. 20). With the engine loaded according to the previ- 
ously described procedure, HPC surge occurred with no 
engine inlet distortion. There was no discernible difference 
in the HPC surge lines for the two undistorted (clean) inlet 
configurations. The HPC surge margin was approximately 20 
percent over the range of HPC corrected airflow from 46 to 
51 Ibm/sec. 

The normal operating line for the fan was the same for 
both undistorted (clean) inlet configurations (Fig. 20). 
Variations in the fan pressure ratio with the different HPC 
surges are the result of the nonrepeatability of the engine 
loading. 

The normal operating line for the'intermediate pressure 
compressor (IPC) was unchanged for the two undistorted (clean) 
inlet configurations (Fig. 20). The operating point of the 
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IPC a t  t h e  t i m e  o f  t h e  HPC s u r g e  was d e p e n d e n t  on t h e  e n g i n e  
p o w e r  l e v e l .  

4.3.2 Parametric Inlet Distortion Pattems 

The e n g i n e  s t a b i l i t y  r e s p o n s e  t o  t h r e e  b a s i c  p a r a m e t r i c  
i n l e t  d i s t o r t i o n  p a t t e r n s  (180 d e g ,  t i p  r a d i a l ,  and  hub  
r a d i a l )  was d e t e r m i n e d .  Each  p a t t e r n  was f i r s t  p r o d u c e d  
w i t h  an i n l e t  s c r e e n  a n d  t h e n  t h e  s c r e e n  p a t t e r n  was r e p r o -  
d u c e d  w i t h  t h e  AJDG s y s t e m .  E n g i n e  s t a b i l i t y  t e s t i n g  w a s  
a c c o m p l i s h e d  w i t h  t h e  t h r e e  b a s i c  p a t t e r n s  a t  n o m i n a l  e n g i n e  
a i r f l o w  r a t e s  (WA2R2) o f  170 a n d  200 l b m / s e c .  E n g i n e  l o a d i n g  
was a c c o m p l i s h e d  i n  t h e  m a n n e r  p r e v i o u s l y  d e s c r i b e d  f o r  t h e  
u n d i s t o r t e d  ( c l e a n )  i n l e t  s u r g e  t e s t i n g .  

1 8 0 - d e g  D i s t o r t i o n  P a t t e r n  

A h i g h - p r e s s u r e  c o m p r e s s o r  s u r g e  o c c u r r e d  w i t h  t h e  1 8 0 -  
d e g i n l e t  d i s t o r t i o n  p a t t e r n  and  t h e  f a n  and  h i g h - p r e s s u r e  
c o m p r e s s o r  l o a d i n g .  The o p e r a t i n g  map f o r  t h e  h i g h - p r e s s u r e  
c o m p r e s s o r  w i t h  t h e  1 8 0 - d e g  e n g i n e  i n l e t  d i s t o r t i o n  p a t t e r n  
imposed is presented in Fig. 21. 

The HPC n o r m a l  o p e r a t i n g  l e v e l s  w i t h  t h e  1 8 0 - d e g  AJDG 
p a t t e r n  w e r e  w i t h i n  one  p e r c e n t  o f  t h e  n o r m a l  o p e r a t i n g  
l i n e  w i t h  s c r e e n  d i s t o r t i o n .  The HPC s u r g e  p o i n t  r e p e a t -  
a b i l i t y  w i t h  d i s t o r t i o n  p r o d u c e d  by e a c h  m e t h o d  ( s c r e e n  and  
AJDG) was a p p r o x i m a t e l y  two p e r c e n t .  The a v e r a g e  HPC s u r g e  
p r e s s u r e  r a t i o  w i t h  t h e  AJDG p r o d u c e d  1 8 0 - d e g  d i s t o r t i o n  
p a t t e r n s ,  o n e  p e r c e n t  l o w e r  t h a n  t h e  s u r g e  l i n e  d e f i n e d  w i t h  
s c r e e n - p r o d u c e d  d i s t o r t i o n .  

Tip R a d i a l  Distortion Pattern 

A f a n  s u r g e  o c c u r r e d  w i t h  t h e  t i p  r a d i a l  p a t t e r n  i m p o s e d  
a t  t h e  e n g i n e  i n l e t  and  t h e  e n g i n e  l o a d e d  as  d e s c r i b e d  i n  
S e c t i o n  3 . 3 .  .The o p e r a t i n g  map f o r  t h e  f a n  w i t h  t i p  r a d i a l  
e n g i n e  i n l e t  d i s t o r t i o n  i s  p r e s e n t e d  i n  F i g .  22 .  

At the lower engine airflow (WA2R2 ~ 170 Ibm/sec), the 
fan normal operating level with AJDG-produced tip radial 
distortion was approximately one percent lower than the 
normal operating level with screen-produced distortion. 
There was no discernible difference in the fan normal oper- 
ating levels with distortion produced by the two methods 
(screen and AJDG) at the higher engine airflow (WA2R2 = 200 
Ibm/sec). At the lower engine airflow (WA2R2 ~ 170 ibm/ 
sec), the fan surge pressure ratios with AJDG distortion 
ranged from one to three percent lower than the fan surge 
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line with inlet screen distortion. At the higher engine air- 
flow (WA2R2 ~ 200 lbm/sec), the fan surge pressure ratios 
with AJDG distortion agree with the surge line defined with 
screen distortion within one percent. 

Hub Radial Distortion Pattern 

The combination of the hub radial engine inlet distor- 
tion pattern and the engine loading resulted in an HPC surge. 
The high-pressure compressor operating map with hub radial 
engine inlet distortion is presented in Fig. 23. 

The high-pressure compressor normal operating line was 
essentially the same with distortionproduced by the two 
methods (screen and AJDG) with deviations less than one 
percent. The HPC surge pressure ratios were lower with 
AJDG-produced distortion than the surge line defined with 
screen distortion. At the lower engine airflow (WA2R2 ~ 170 
lbm/sec), the HPC surge with AJDG distortion occurred at 
pressure ratios ranging from four to seven percent below the 
surge line defined with screen distortion. High-pressure 
compressor surge pressure ratios at the higher engine air- 
flow (WA2R2 ~ 200 lbm/sec) were. seven to eleven percent 
lower than the surge line with screen distortion. 

4.4 EVALUATION OF DIFFERENCES BETWEEN SCREENS AND THE AJDG 
AS DISTORTION SYSTEMS 

Significant differences were determined between the 
engine surge margin with screen and AJDG distortion. These 
differences are probably the result of differences in the 
dynamic flow field at the engine inlet. The instrumenta- 
tion used for this test was not sufficient for a quantitative 
assessment of the time variant inlet flow-field character- 
istics; however, a qualitative assessment can be made of the 
dynamic characteristics. In this discussion, a simplified 
model of the dynamic flow field is presented along with its 
relation to the engine surge margin. 

4.4.1 Inlet Flow-Field Dynamic Characteristics 

The difference in inlet turbulence measured with screen 
and AJDG distortion is indicative of a difference in flow- 
field dynamic characteristics downstream of the distortion 
generating devices. The flow field downstream of the AJDG 
may be associated with three flow zones (1) uniform mixing 
zone - that area downstream of the counterflowing jets that 
is affected only by the pressure loss mechanism of counter- 
flow, (2) nonmixing zone "- that area downstream of the 

23 



AEDC-TR-76-141 

n o n f l o w i n g  j e t s  t h a t  i s  u n a f f e c t e d  by  t h e  f l o w i n g  j e t s ,  a n d  
(3 )  n o n u n i f o r m  m i x i n g  z o n e  - t h a t  a r e a  t h a t  e n c o m p a s s e s  t h e  
t r a n s i t i o n  f r o m  t h e  u n i f o r m  m i x i n g  z o n e  t o  t h e  n o n m i x i n g  
z o n e .  The r e l a t i v e  e x t e n t  o f  e a c h  f l o w  z o n e  f o r  a s p e c i f i e d  
d i s t o r t i o n  l e v e l  ( P 2 D I S T )  i s  d e p e n d e n t  on  t h e  p a t t e r n  
c h a r a c t e r i s t i c s  ( s h a p e  a n d  p r o x i m i t y  o f  l o w - p r e s s u r e  b o u n d -  
a r y  t o  d u c t  w a l l ) ,  p r i m a r y  a i r  v e l o c i t y ,  a n d  s e c o n d a r y  a i r -  
f l o w  r a t e .  The  p r o g r e s s i v e  i n c r e a s e  i n  t h e  s i z e  o f  t h e  
n o n u n i f o r m  m i x i n g  z o n e  t h a t  o c c u r s  w i t h  i n c r e a s i n g  s e c o n -  
d a r y  a i r f l o w  a n d  d e c r e a s i n g  p r i m a r y  a i r  v e l o c i t y  i s  s h o w n  
s c h e m a t i c a l l y  f o r  a h u b  r a d i a l  p a t t e r n  i n  F i g .  24 .  The  
n o n u n i f o r m  m i x i n g  z o n e  c a n  r a n g e  f r o m  a s m a l l  p a r t  o f  t h e  
a r e a  ( F i g .  2 4 a )  t o  t h e  e x t r e m e  c o n d i t i o n  a t  w h i c h  t h e  n o n -  
u n i f o r m  m i x i n g  z o n e  b e c o m e s  l a r g e  e n o u g h  t o  c o m p l e t e l y  
e l i m i n a t e  t h e  n o n m i x i n g  z o n e  ( F i g .  2 4 c ) .  

The size of the nonuniform mixing zone is reflected by 
the extent of total-pressure loss across the inlet duct in 
the area of nonflowing airjets. For the hub radial pattern 
produced by the AJDG system, a total-pressure loss extended 
across the entire radius of the inlet duct (Fig. 25). The 
flow field associated with the AJDG hub radial pattern then 
conformed to the dynamic flow field in which nonuniform 
mixing occurs over the majority of the flow area, and an 
area of nonmixing does not exist. 

For this inlet flow field, it is surmised that the 
highest turbulence levels occur in the nonuniform mixing 
zone. The AJDG system then produced a hub radial pattern 
that included a relatively large area with the highest 
turbulence. This is dissimilar to that obtained with the 
distortion screen. As shown in Fig. 25, the extent of the 
high shear zone associated with the screen was small, 
relative to that for the AJDG as reflected by the absence 
of total-pressure loss in the undistorted (clean) area. 

4.4.2 Accountability of Inlet Pattern Differences for Loss of 
Engine Surge Margin 

As d e s c r i b e d  e a r l i e r ,  t h e  s t e a d y - s t a t e  i n l e t  p a t t e r n s  
p r o d u c e d  by  t h e  two m e t h o d s  ( s c r e e n  a n d  AJDG) w e r e  i n  g o o d  
a g r e e m e n t .  S t e a d y - s t a t e ,  t o t a l - p r e s s u r e  a n d  t o t a l -  
t e m p e r a t u r e  p r o f i l e s  a t  t h e  v a r i o u s  c o m p r e s s i o n  s y s t e m  
c o m p o n e n t  m e a s u r i n g  s t a t i o n s  w e r e  e s s e n t i a l l y  t h e  s a m e  f o r  
b o t h  d i s t o r t i o n  m e t h o d s .  The m e a s u r e d  t u r b u l e n c e  was  h i g h e r  
a n d  o c c u r r e d  i n  a l a r g e r  a r e a  w i t h  t h e  AJDG p a t t e r n  t h a n  
w i t h  t h e  s c r e e n  d i s t o r t i o n  p a t t e r n .  
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T h e  c o m p r e s s o r  s t a b i l i t y  m a r g i n  i s  a f f e c t e d  b y  b o t h  t h e  
t u r b u l e n c e  l e v e l  a n d  t h e  a m o u n t  o f  f l o w  a r e a  a s s o c i a t e d  w i t h  
e a c h  t u r b u l e n c e  l e v e l .  The  q u a l i t a t i v e  r e s u l t s  o f  t h i s  t e s t  
i n d i c a t e  t h a t  t h e  AJDG p a t t e r n s  d i f f e r e d  f r o m  t h e  s c r e e n  
p a t t e r n s  i n  b o t h  o f  t h e s e  a r e a s ' .  I t  i s  s u r m i s e d  t h a t  t h e s e  
d i f f e r e n c e s  a r e  r e s p o n s i b l e  f o r  t h e  m e a s u r e d  d i f f e r e n c e  i n  
e n g i n e  s u r g e  m a r g i n  w i t h  i n l e t  d i s t o r t i o n  p r o d u c e d  b y  t h e  
t w o  m e t h o d s .  

5.0 SUMMARY OF RESULTS 

A performance evaluation of the AJDG system was con- 
ducted for three parametric and one composite total-pressure 
distortion patterns. Engine stability margin was determined 
and compared for inlet total-pressure distortion produced by 
inlet screens and the AJDG system. Significant results of 
this evaluation are summarized as follows: 

. The  r o o t  m e a n  s q u a r e  e r r o r  o f  t h e  s t e a d y - s t a t e ,  
i n l e t  t o t a l - p r e s s u r e  p a t t e r n  p r o d u c e d  b y  t h e  AJDG 
s y s t e m  r a n g e d  f r o m  1 . 0  t o  2 . 3  p e r c e n t  f o r  t h e  
p a r a m e t r i c  p a t t e r n s .  T h i s  e r r o r  i s  l e s s  t h a n  
t h a t  n o r m a l l y  o b t a i n e d  f o r  s c r e e n s  u s i n g  c u r r e n t  
d e s i g n  t e c h n i q u e s .  

. T h e  r e p e a t a b i l i t y  o f  t h e  A J D G - p r o d u c e d ,  c o n s t a n t ,  
c o m p o s i t e ,  t o t a l - p r e s s u r e  d i s t o r t i o n  p a t t e r n  w a s  
0 . 4  p e r c e n t  o v e r  a r a n g e  o f  c o r r e c t e d  e n g i n e  a i r -  
f l o w  f r o m  160  t o  240  l b m / s e c .  

. The AJDG system produced a specified inlet distor- 
tion pattern within two minutes after command. 
The pattern set time demonstrates the increased 
flexibility of the AJDG as compared with a normal 
screen development time of approximately 12 working 
days. 

. L o c a l  i n l e t  t u r b u l e n c e  l e v e l s ,  (APRMS/P2), m e a s u r e d  
w i t h  s c r e e n  d i s t o r t i o n  w e r e  l e s s  t h a n  o n e  p e r c e n t .  
L o c a l  t u r b u l e n c e  l e v e l s  m e a s u r e d  w i t h  AJDG d i s t o r -  
t i o n  w e r e  h i g h e s t  ( s i x  p e r c e n t )  f o r  t h e  h u b  r a d i a l  
p a t t e r n  a n d  l o w e s t  ( t w o  p e r c e n t )  f o r  t h e  1 8 0 - d e g  
p a t t e r n .  
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The AJDG supply air-conditioning system maintained 
the secondary air temperature within ±3°F of the 
primary air total temperature. At the temperature 
match level of ±3°F, there is no discernible engine 
inlet total-temperature error. 

I n s t a l l a t i o n  o f  t h e  a i r j e t  s t r u t s  i n  t h e  i n l e t  
d u c t i n g ,  w i t h o u t  a i r j e t  a i r f l o w ,  d i d  n o t  a f f e c t  
t h e  c l e a n  i n l e t  p a t t e r n .  T h e r e  w e r e  no  m e a s u r a b l e  
d i f f e r e n c e s  i n  e n g i n e  s u r g e  m a r g i n  w i t h  a c l e a n  
i n l e t  w i t h  a n d  w i t h o u t  t h e  a i r j e t  s t r u t s  i n s t a l l e d .  
C l e a n  i n l e t  h i g h - p r e s s u r e  c o m p r e s s o r  s u r g e  m a r g i n  
was  20 p e r c e n t  o v e r  t h e  r a n g e  o f  c o r r e c t e d  h i g h -  
p r e s s u r e  c o m p r e s s o r  a i r f l o w  f r o m  46 t o  51 l b m / s e c .  

The h i g h - p r e s s u r e  c o m p r e s s o r  s u r g e  p r e s s u r e  r a t i o s  
w i t h  t h e  1 8 0 - d e g  d i s t o r t i o n  p a t t e r n  w e r e  a p p r o x i -  
m a t e l y  o n e  p e r c e n t  l o w e r  w i t h  AJDG d i s % o r t i o n  t h a n  
w i t h  s c r e e n  d i s t o r t i o n .  

A fan surge occurred with the tip radial distortion 
pattern imposed at the engine inlet with both 
screens and AJDG. At the higher engine airflow 
(200 Ibm/sec), there was no difference in the fan 
pressure ratio at surge with the two methods of 
producing inlet distortion. At the lower engine 
airflow (170 Ibm/sec), the fan pressure ratio at 
surge was approximately two percent lower with AJDG 
distortion than with screen distortion. 

H i g h - p r e s s u r e  c o m p r e s s o r  s u r g e  o c c u r r e d  a t  p r e s s u r e  
r a t i o s  r a n g i n g  f r o m  f o u r  t o  e l e v e n  p e r c e n t  l o w e r  
w i t h  AJDG h u b  r a d i a l  d i s t o r t i o n  t h a n  f o r  t h e  s c r e e n -  
p r o d u c e d  p a t t e r n .  

Qualitative analysis of test results indicates the 
area of high shear turbulent mixing that separates 
the relatively uniform flow areas of high and low 
total pressure at the engine inlet is larger with 
AJDG distortion than with screen distortion. 

It is surmised that the larger areas of high 
turbulence associated with the AJDG distortion 
pattern was the cause of the differences in engine 
surge margin. 
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Strut Details 
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Orifice Orientation 
(View Looking Downstream) 

b. Dimensional schematic 
Figure 2. Concluded. 
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Note: All probes are located on equal 
annulus areas. 

I 
18S" 

Rake, 

~ 
o Total-Pressure Prc:be 
)( Total Temperature 

High-Response Wall Static Pressure 
High-Response Total Pressure 

Station 08, Engine Inlet Duct (Located 12 In. Upstream 
of the Engine FrontFlangel 

-98" 
Rake) 

21~ 
Rake 7 

I 
18S" 

Station 2, Tatal-Pressure Distortion Testing Engine Inlet 
(located 3.1 in. Upstream of Engine Front Flange, 

Station 2, Total~~~rature Match Testing Engine Inlli 
(located3,} In. Upstream of Engine Front Flal"l':}e, 

View lcding Upstream) View llXlkiog Upstream) 

a. Engine inlet duct. 
Figure 9. Instrumentation details, looking upstream. 
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ToIalTemperalure 
Total Pressure 
Walt Slat!cPressure IHigh Responsel 

Stations 2.1Cf2. 2, B)1>asS Duct and Intermediate· 
Pressure Co~ressor Inlet (Located at the Plane 
of the Leading EB]e of Splitter Duct) 

284" 

rP 

Station 2. 15C, B)1>asS Duct I ntet (Located 1. 71 n. 
Dcmnslream of Turning Vanesl , 

Station 2.3, Intermediate-Pressure Compressor Outlet 
(located 6 In. DtWnstream of Trailing Edge of the 
Second-Stage StatorVanesl 

Station 3, 0, High-Pressure Co~ressor Outlet Qocated 
0. 8 In. Downstream of the Trailing Edge of the Eleventh­
Stage StJtorVanes) 

15. IT - 9 Thermocouples Averaqed on Harness 
and Trimmed with Bias Resistor (Signal 
Picked Up at Junction Box) 

P5.lA • 18 Total Pressures Manifolded 
T5.1 - 91 ndivldual Thermocouples 

rP 

Fan Duct 
Inside Wall 

Station 5.1, Measured Engine Exit Gas Pressure and 
Temperature StatIon (Located Approximately 21n. 
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Figure 10. Engine inlet isobar maps for screen and airjet distortion. 
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Figure 10. Continued. 
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Figure 10. Continued. 
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Figure 10. Continued. 
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Figure 10. Continued. 
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generator-produced composite pattern. 
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Figure 12. Relative time requirements to produce a specified distortion 
pattern with screens and with the airjet distortion generator system. 
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Figure 24. Schematic representation of the dynamic flow field existing 
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Table 1. Posttest Estimates of Data Uncertainties 

STEADY STATE ESTIMATED MEASUREMENT* 
Precision Index 

(S) 
Parameter 

Designation 

Venturi Inlet 
Static Pressure, 
PSOO 

Venturi Throat 
Static Pressure, 
PS1N 

Plenum Chamber 
Static Pressure, 
PS1P 

Inlet Duct Wall 
Static Pressure, 
PS03 

Fan Duct Inlet 

.... " ~ ~ " .... 0,",'" 
",0'" 

~ ~ 

:':0.05 

:,:0.05 

:,:0.05 

:,:0.05 

~~~~~ Pressure. ,:!:O. 05 

Fan Duct Total 
Pressure Downstreaxq .:!:O. 05 
of Struts, P2.15C 

IP Compressor Inlet 
Total Pressure. I':!:'O. 05 
P2.2 

IP Compressor Dis-
charge Total +0. 05 
Pressure, P2. 3 --

HP Compressor Dis-
charge Total I +0.1" 
Pressure. P3 

Test Cell 
Pressure. PCELL :,:0.05 

I 

'"''' 0 ....... 
~~ .... ,," .... "'= 

:5~ 

... 0= o 
"'" " " ... " " ... ~ ... 

31 

-

31 

31 

31 

31 

31 

31 

31 

~ 

31 

31 

.... " ~ ~ " .... 0,",'" 
... 0 '" 
~ : 

:':0.15 

r-
:,:0.15 

:,:0.15 

:':0.15 

:,:0.15 

::0.15 

:,:0.15 

+0.15 -

:,:0.2 

+0.15 

Bias 
(B) 

I 

.... " 0 ....... 
~ ~ .... .,,, 

.... "'= 
~ " 
~'" 

Uncert"ainty 
:!:(B + t95S) 

I .... " .... " ~ ~ 0 ....... 

" .~ ~ ~ 
0 .... '" .... .,,, 
"'0'" .... "'= " " ~ ". 
'" '" ~'" 

:,:0.25 1 ----

:,:0.25 1 ----

:,:0.25 1 ----

+0.25 I ----

:,:0.25 

::0.25 

:':0.25 1 ----

:,:0.25 1 ----

:':0.4 1 ----

:,:0.25 1 ----

Range 

" '" ~ .... .... 
"" '" ~ 

5 to 8 
psia 

3 to 4 
1 psia 

15 to 6 
ps~a 

4 to 5 
I psia 

7 to 1 
psia 

7 to 10 
psia 

7 to 10 
1 psia 

rO t~ 15 
pS1a 

rO t~ 80 
pS1a 

12 t'? 3 
pS1a 

·REFERENCE: Abernethy, R. B. and 1bompson, J. W. Jr. "Handbook, Uncertainty in Gas 
NOTES: Turbine Measurements. n AEDC-TR-73-5 (AD755356), February 1973. 

,.. 
0 
~ 

" 6-
" ... ... 

Type of 
Measuring Device 

Type of 
Recording Device 

Automatic Multiple 
Pressure Scanning 
System onto Sequential 
Sampling, Millivolt­
to-Digi tal Converter, 
and Magnetic Tape 
Storage Data 
Acquisition System 

" 

Method of 
System Calibration 

In-Place Application 
of Multiple Pressure 
Levels Measured with a 
Pressure-Measuring 
Device Calibrated in 
the Standards 
Laboratory 
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m 
CI 
(') 

~ 
:0 
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(j) 

VJ 

Parameter 
Designation 

Engine Inlet 
Total Pressure 

Venturi Inlet 
Total Temperature, 
TOO 

Plenum Chamber 
Total Temperature, 
TIP 

Fan Duct Inlet 
Total Temperature, 
TZ.15C 

IP Compressor Inle 
Total Temperature, 
T2.2 

IP Compressor Dis-
charge Total Tem-
perature, T2.3 

HP Compressor Dis-
charge Total Tem-
pera ture. T3 

LP Turbine Dis-
charge Total 
Temperature, 
T51 

'REFERENCE: 
NOTES: 

Table 1. Continued. 

STEADY STATE ESTIMATED MEASUREMENT. 

Precision Index Bias Uncertainty Range 
(S) (B) :t(B + tS5S) 

I ... I I ~ " .... " ... ~ ° S .... " ... ~ .... '" ... ~ '" Q 
~ ~ 0 ...... ° ~ ~ o~ .... ~ ~ o~ .... " ~ 
~ ... " ~ ~'" ~ .~ " ~ ~ ... " ~ ., ~ 
Q ... '" .,"'~ ~ ~ 0 ... '" .... "'~ Q ... ", .,"'~ ... " ~ 0" ..... s ~ ~ ~ 0 .. -.-i tIS E ~o .. ..... s .... C' 
~ ~ ~ ~ "'~ ~ ~ ~ ~ .& ~ ~ ~ '" ~ 

'" '" "'''' ~ .. '" '" "'''' '" "'''' ~ ~ .. 
5 to 6 

+0.1 ---- 31 "'O.Z ---- +0.4 ----- - - psia 

70 to ---- "+O.SOF 100 ---- +O.90 F ---- 2;.2. of - 2SOoF 

2:0. 6°F .!:O.SoF .:!:2.oF 70 to 
---- 100 ---- ----

80°F 

~0.6oF .:!:0.9OF .:!:2.oF 150 to ---- 100 ---- ----
300°F 

150 to ---- 2:0 . 6°F 100 ---- .!:O.SoF ---- .:!:2.oF 
ZOO()F 

.!:O.SOF .!:O.SOF ,:!:2.oF ZOO to ---- 100 ---- ----
300°F 

.!:O.SOF .!:(l.ZoF + 0.Z5%) 
SOD to 

---- 100 .!:0.Z5 ----
SOOoF 

800 to 
---- .:!:0.6oF 100 .!:0.Z5 ---- .!:(l.ZoF + 0.Z5%) 

10000F 

Type of Type of 
Measuring Device Recording Device 

Bonded Strain- Sequential Sampling I 
Gage-Type Pres- Millivolt-tn-Digital 
sure Transducers Converter, and Magnetic· 

Tape storage Data 
Acquisition System 

Copper-Constantan 
Temperature 
Transducers 

Iron-Constantan 
Temperature 
Transducers 

Chromel-Alumel 
Temperature 
Transducers 

, 
" 

Method of 
System Calibration 

Resistance Shunt Based 
on the Standards Lah-
oratory Determination 
of Transducer Applied 
Pressure versus Resis-
tance Shunt Equl valent 
Pressure Relationship 

Millivolt Substitution 
Based on the NBS Tem-
perature versus Milli-
volt Tables 

~, 

~ 
m 
o 
(') 

~ 
:lJ 
~ 
Cfl 
-' 

""" -' 



~ 
~ 

Table 1. Concluded. 

STEADY STATE ESTIMATED MEASUREMENT-

Precision Index Bias Uncertainty Range 
(S) (B) :t(B + t95S) 

Parameter 
I 'H I I ~ Designation .. " .. " 'H~ o a 'H~ .. " 'H~ 'tl 

" " 0"" 0 " " 0"" " " 0"" " ~ -.-< "" ~'tl ~ -.-< " " ~ -.-< "" .. 
"'H'tl .. oo~ ~~ "'H'tl .. oo~ "'H'tl "1Jl~ .~ "0 ~ -.-< ~ a " ~ "o~ -'-<~E " 0 ~ -.-<~E .-< 
~ ~ " ~ "" ~ ~ " ~ ~ ~ " ~ i 0. '" ::>:s .g:'"' 0. '" ::>:s 0. '" ::>:s 

Low-Rotor 6000 to 
Speed, NL +0.1 ---- 31 +0.1 ---- +0.3 ----- - - 8000rpm 

High-Rotor 10i~00 
Speed, NH 2;0.1 ---- 31 2;0.1 ---- 2;0.3 ----

11,700 
rpm 

HPC Inlet Guide 
'<-0.10 +0.2° +0.4° o to 

Vane Angle. IGV ---- 31 ---- ---- Note 350 - -

7th Stage Bleed +1. o to 
Lever Position, ---- 2;0.20 31 ---T'" .:to. S° ---- - 1000 

BVP Note 

Power Lever ---- :!:O.3° 31 ---- :!:O.So ---- +1. :~oto 
Angle, PLA Note 

800 to 
Airjet Orifice 2;0.1 ---- 31 
Pressure J PASO 2;0.2 ---- 2;0.4 ---- 2000 

psia 

Airjet Orifice ---- ,:to.SoF 100 ---- .:!:.O.9OF ---- :!:2.oF 20 to 
Temperature, TASO 800 

Secondary Air 
+0.60 F 00 +0.90F +2. of 70 to 

Temperature, TAM ---- ---- ----
2500 - - -

Engine Inlet Total ---- 2;0.60 F 00 ---- !.O.9OF ---- 2;2. of ~g01io Temperature, T2 

*REFERENCE: 
NOTE: Uncertainty Estimate Based on Experience with Systems Similar to Those 

Furnished by User. 

» 
" " ~ 
" C' 
~ 

" '"' 

Type of Type of 
Measuring Device Recording Device 

Frequency-to-Voltage 
Converter onto 

Electromechanical Sequential Sampling, 

Transducers Mi11iv01t-to-Digita1 
Converter. and l4agnctic 
Tape Storage Data 
Acquisition System 

Rectilinear Sequential Sampling, 
Potentiometer Mi11iv01t-to-Dig1ta1 

j 
Converter, and Magnetic 
Tape Storage Data 
Acquisition System 

1 
Bonded StralD- Sequential Sampling, 
Gage-Type Pres- Hi11iv01t-to-Digita1 
sure Transducers Converter, and lfagnetl( 

Tape Storage Data 
Acqulsi tion System 

Copper-Constantan 
Temperature 
Transducers 

~Ir 

Method of 
System Calibration 

Frequency Substitution 
Based on the Transduce 
and Transducer-to-
Engine Rotor Coupling 
Characteristics 

In-Place Jleasure_ent 
of Physical Dimensions 
versus Transducer 
output 

1 
Res Istanee Shunt Based 
on the Standards Lab-
oratory Deteraination 
of Transducer Applied 
Pressure versus Resis-
tance Shunt Equivalent 
Pressure Relationship 

·BU1l1volt Substi tut10n 
Based on the NBS Tem-
perature versus Kllll-
vol t Tables 
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CS') 

CJ1 

Pattern 

180 deg, 
one per revolution 

Tip radial 

Hub radial 

Composite 

Table 2. Summary of Steady-State Inlet Pattern Quality with 
Airjet Distortion Generator 

Nominal P2MAX - P2MIN x 100, % 
Corrected Engine P2AVG 
Airflow, Ibm/sec Measured Desired 

200 21.7 21.5 

170 16.6 15.7 

200 22.4 21.2 

170 18.4 15.9 

200 21. 9 22.3 

170 17.3 15.4 

160 10.9 11.0 

180 11.9 11.0 

200 12.9 11.0 

240 15.3 11.0 

Overall 
Pattern Error, 
RMSE x 100, % 

1.7 

1.7 

2.3 

0.7 

2.1 

1.0 

1.4 

1.0 

1.1 

1.3 
--- - ~-- - ~--- - --- ~~ 
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o 
C'l 
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'tl .... 
"" 





APPENDIX A 
METHODS OF CALCULATION 

AEDC-TR-76-141 

General methods and equations employed to compute the 
steady-state and transient parameters presented are given 
below. Where applicable, arithmetic averages of the pres­
sures and indicated temperatures were used. 

SPECIFIC HEATS 

The specific heat at a constant pressure was computed 
from the empirical equation: 

CP 
(a l + b l T + c l T2) + (a 2 + b 2 T + c 2 T2) FA 

1 + FA 

where aI, bl, and cl are constants based on the specific 
heats of the constituents of air; a2, b2, and c2 are the 
constants based on a fuel hydrogen-carbon ratio of 0.16 and 
the specific heats of water vapor, oxygen, and carbon dioxide, 
and FA is the fuel-air ratio. The equation was derived for 
the two temperature ranges shown below: 

Temperature a l b l c
l 

a 2 b 2 
c

2 Range, oR 

400 to 1,700 0.2318 0.104 0.7166 0.2655 3.7265 -6.6353 

x 10-4 x 10-8 x 10-4 x 10-8 

1,701 to 4,500 0.2214 0.3521 -0.3376 0.3397 2.7182 -2.9044 

x 10-4 x 10-8 x 10-4 x 10-8 

RATIO OF SPECIFIC HEATS' 

The ratio of specific heats was calculated from the 
expression: 

CP 
'Y = CP _ R/J 

For a fuel-air mixture, the gas constant was expressed as 

R = 53.34 + 52.863 FA 
1 + FA 
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TOTAL TEMPERATURE 

Gas temperatures were measured using Chromel-Alumel (CA) , 
Iron-Constantan (IC), and copper-constantan (CC) thermo­
couples. No recovery factor corrections were applied to the 
internal engine thermocouples. 

Venturi Inlet 

The venturi inlet thermocouples were mounted on a 
straightening grid located 85 in. upstream of the venturi 
inlet in the venturi plenum chamber. Gas temperature (TOO) 
was defined as equal to the indicated temperature. 

Engine Inlet Temperature 

Engine inlet temperature (T2) was determined from the' 
grid temperatures measured in the test cell plenum chamber 
and the relationship to the engine inlet temperature 
established during a prior test program (Fig. A-I) for the 
engine test. Measurements from CA thermocouples were used 
to define inlet temperature during the simulator test. 

MACH NUMBER 

For stations where both the static and total pressure 
were measured, the Mach number was obta'ined from the 
equation: 

M 
2 

I 

1=1: 
'Y -J 

For stations where the static pressure was not 
measured, Mach number was obtained from an iterative solu­
tion of the relationship: 

w,jT 
PA 

K(I+Y­
'" go 2 
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VELOCITY 

Velocity was determined from the relation: 

V 

GAS FLOW 

Airflow at station IN (venturi throat) was calculated 
from the following equation for critical venturi flow as 
follows: 

1+1 
WAIN = PSOO x AIN x CFIN x CT 2 ygc 

( ) 
2 'Y-1) ~ 

'Y + 1 R TOO 

When the venturi was unchoked, airflow was calculated using 
the relation: 

WAIN J 2ygc 
R('Y - 1) 

PSIN x AIN x CFIN x CT 

X::!. 
(
PSIN) 'Y 
PSOO 

X::!. 
1 _ (PSIN) 'Y 

PSOO . 

where CT is the thermal growth correction coefficient for 
the venturi throat area (AIN) and where CFIN is an empiri­
cally determined flow coefficient based on the venturi wall 
curvature, area ratio, and boundary-layer development 
(Refs. 8 and 9). The flow coefficient was evaluated and 
expressed as a function of venturi throat Mach number (MIN) 
and Reynolds number based on throat diameter (REIN) as 
follows: 

For a choked venturi: 

CFIN = 0.9843 + 0.0017 log REIN 
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For an unchoked venturi: 

CFIN = 0.9843 + 0.0017 log REIN - 0.0267 (1 - MIN) 

The airflow to the airjet system (WAS) was measured 
using a standard ASME sharp-edged orifice with flange taps 
and calculated as follows: 

Ws [ J
l/2 

6.3018 x C
f 

x f x d 2 x C
t 

x Y Pu(~ ~ Pd) 

t .~. 
where 

6.3018 a conversion constant 

Cf = a flow criefficient 

f 

B 

d 

Pu 

Pd 

the velocity approach factor 

throat diameter 
pipe diameter 

throat diameter 

thermal expansion coefficient 

adiabatic expansion factor 

1 - ~ ~Pd (0.41 + 0.35B4 ) 

1 

static pressure upstream of orifice 

static pressure downstream of orifice 

ENGINE INLET AIRFLOW 

Engine inlet airflow (WA2) is the sum of venturi and 
airjet a;irflow 

WA2 = WAIN + WAS 

Air or gas flows at the other stations were obtained as 
follows: 

WA22 = Obtained by utilizing a high-pressure turbine 
flow parameter discussed in the following 
section 
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WA21 WA2 - WA22 

WA23 WA22 

WA24 WA23 

WA3 WA24 - WBHPC 

WG4 WA3 + WIB + WFE 

WG41 WG4 + WCHPT 

WG42 WG41 

WG50 WG42 + WCLPT - WCLP 

WG6 WA2 + WIB - WLHPC - WLD - WCLP + WFE 

The inbleed airflow (WIB) was calculated from the 
previously defined equation for a standard ASME sharp­
edged orifice. 

The overboard low-pressure turbine cooling flow (WCLP) 
was determined by an instrumented measurement section of 
straight pipe from the relation 

WCLP J 2rygc 
R (ry - 1) 

PSCLP x ACLP . 

JTCLP 

1 _ (PSCLP) 
PCLP 

(
PSCLP) 
PCLP 

The following bleed and leakage flows were calculated 
using constants furnished by the engine manufacturer as 
follows: 

WBHPC 

WCHPT 

WCLPT 

WLHPC 

WLD 

0.07712 (WA3 + WIB) 

0.0547 WA24 

0.0070 WA24 

0.0020 WA24 

0.0090 WA24 

INTERMEDIATE-PRESSURE COMPRESSOR AIRFLOW 

Airflow to the intermediate-pressure compressor (WA22) 
was calculated based on energy-continuity relationships and 
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the assumption of choked flow at the high-pressure turbine 
first-stage nozzle vane, station 4. The turbine flow 
parameter was determined from the relationship: 

where 

WG4Jf4X 
P4X 

A4 x CF4,.,fY M4 

'Y - 1 
2 

'Y = 'Y4 

'Y+l 

) 
2 ('Y-l) 

(M4) 2, 

\ 

By assuming choked flow at the high-pressure turbine (first­
stage nozzle vane, station 4), the following relationship 
results: 

WG4{T4X = 
P4X 

A4 x CF4~ 

where A4 x CF4 = 46.85 in. 2 was determined by Detroit 
Diesel Allison Division of General Motors from vane airflow 
calibrations and P4X and T4X were determined from iterative 
solutions of the equations presented in the following 
sections of high-pressure turbine inlet total-pressure and 
turbine inlet temperature, respectively. 

The intermediate-pressure compressor airflow, WA22, is 
then determined from WG4 and the gas flow relationships. 

HIGH·PRESSURE TURBINE INLET TOTAL PRESSURE 

High-pressure turbine inlet total pressure was determined 
from an empirical burner pressure loss parameter supplied by 
the engine manufacturer as follows: 

P4X = P3 [1 _ 20. 5 ( WA4 dff \] 2 
P3 x ABURNER') 

where ABURNER 315.5 in. 2 . 
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HIGH-PRESSURE TURBINE INLET ENTHALPY 

The enthalpy at station 4 was obtained as a function 
of burner inlet conditions and the assumed burner efficiency 
as follows: 

H4X 
WA3 x H3 + WIB x HIB + ET A3M x WFE x LHV + WFE [59.62 + JT CPCuel x d~ 

540 0 R 
= ----------------------------------------~--------~------~ 

WG4 

LHV is the lower heating value of the fuel and the quantity 
59.62 (Btu/Ibm) accounts for the difference between the 
enthalpy of carbon dioxide and water vapor formed during 
combustion and enthalpy of the oxygen removed from the air 
by their formation in the temperature range from 4000 R (base 
of the enthalpy equation) to 5400 R (reference temperature 
for determination of LHV). The assumed burner efficiency 
(ETA3M) was obtained from the engine manufacturer (Fig. A-2). 

HIGH-PRESSURE TURBINE INLET TEMPERATURE 

The temperature at station 4 was obtained from an 
iteration of the equation: 

BYPASS RATIO 

T4X 
f CP x dT H4X 

400 0 R 

The bypass ratio was calculated from the following 
relationship: 

BPR = W2 - WA22 
WA22 

where WA2 is the total engine airflow, and WA22 is the air­
flow to the intermediate-pressure compressor. 

FAN DISCHARGE TOTAL PRESSURE 

The fan discharge total pressure was determined by 
mass weighting the measurement at the fan discharge as 
follows: 

PAVLPCEX BPR x P21 + P22 
I + BPR 
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HIGH-PRESSURE COMPRESSOR INLET TOTAL PRESSURE 

High-pressure compressor inlet total pressure was 
determined from an empirical inter-compressor duct pressure 
loss parameter supplied by the engine manufacturer as 
follows: 

P24X = P23[1 _ 0.00000605 (WA4 fT23"14.696)2] 
A23 /\j~ P23 

where A23 = 51.41 in. 2 . 

REYNOLDS NUMBER INDEX 

Reynolds number index was obtained from the relation­
ship: 

where 

REI2 DELTA2 

THETA2 

¢ = 718.2 (THETA2)3/2 
T2 + 199.5 

COMPRESSOR SURGE MARGIN 

Fan and high-pressure compressor surge margin was 
based on total-pressure ratio and calculated as follows: 

Fan 

(
PLPCEX) _ (PLPCEX) 

P2 SURGE P2 NOL 
x 100, percent 

(
PLPCEX) 

P2 NOL 
WA2R2=K 
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High-Pressure Compressor 

x 100, percent 
(~)SURGE - (~)NOL 

(:l3)NOL 
" WA24R24=K 

INLET PATTERN ERROR 

The inlet pattern error (RMSE) was calculated using 
the following equation: 

RMSE 

(~)MEASURED 
(~~)DESIRED 

N 

2 

- 1 

x 100, percent 

where PI/P2 

N 

ratio of local to average total pressure 

number of total-pressure probes 

INLET TOTAL-PRESSURE DISTORTION 

The distortion at the engine inlet P2DIST was defined 
as follows: 

P2DIST P2MAX - P2MIN x 100, percent 
P2 

POWER SPECTRAL DENSITY FUNCTION 

The power spectral density (PSD) function was computed 
by an electronic analog wave analyzer and presented 
graphically as a function of frequency. The PSD function 
of a stationary signal is mathematically defined as 

PSD = 
T 

Lim Lim (6~)T f y2 (t,f,6f) dt 
T - 00 6f - 0 o 

75 



AEDC-TR-76-141 

where T is the averaging time of the data, f is the band­
width of the electrical filter used, and Y(t,f,6f) is the 
instantaneous value of the data waveform at time t within 
the bandwidth 6f. The square root of the total area under 
the PSD curve is equal to the total root-mean-square (RMS) 
value of the signal. The PSD function indicates the 
magnitude, the energy distribution with frequency, and the 
existence of any discrete frequency components of the total 
input signal. The PSD functions presented in this report 
were normalized by the steady-state total pressure as 
follows: 

PSD 

(p)2 

6P 2 
P 
Hz 

The PSD functions presented herein were generally 
obtained using a la-Hz electrical bandwidth filter, a I-sec 
averaging time, and a IO.O-sec data sample. 
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Figure A-1. Engine inlet air temperature correlation to test cell plenum 
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A 

AJDG 

ALT 

APLUG 

AS 

BPR 

BVP 

DP 

gc 

H 

IGV 

M 

NH 

NL 

NR 

P 

PC 

PLA 

PS 

PSO 

R 

RE 

REI 

T 

TS 

TSO 

V 

W 

'Y 

NOMENCLATURE 

A 
. 2 . rea, In. ; alr 

Airjet Distortion Generator 

Altitude, ft 

Nozzle plug position, inches from 
fully retarded 

Exhaust nozzle exit area, in. 2 

Bypass ratio 

Bleed valve position, percent open 

Pressure difference, psi 

AEDC·TR-76-141 

Dimensional constant, 32.174 lbm-ft/ 
lbf-sec2 

Enthalpy, Btu/Ibm 

High-pressure compressor inlet guide 
vane position, deg 

Mach number 

High-pressure rotor speed, rpm 

Low-pressure rotor speed, rpm 

Inlet duct total-pressure recovery ratio 

Total pressure, psia 

Percent 

Power lever angle, deg 

Static pressure, pSia 

Free-stream ambient pressure, test cell 
pressure, psia 

Gas constant for air, 53.34 ft-lbf/lbm-oF 

Reynolds number 

Reynolds number index 

Total temperature, of, oR 

Static temperature, of, oR 

Free-stream ambient temperature, of, oR 

Velocity, ft/sec 

Mass flow rate, Ibm/sec, lbm/hr 

Ratio of specific heats 
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POSTSC R I PTS 

SO 

IN,I,2,etc. 

A 

AVG 

C 

CC 

DIST 

FAN,LPC 

G 

HUB 

HPC 

HR 

IB 
K 

M 

Q 

R2,R3,etc. 

TIP 

X 

7STG 

STATIONS 

00 

IN 

IP 

03 

LS 

05,08 

I 

2 

2.IC, (2IC) 

2.2, (22) 

Equivalent free-stream ambient conditions 

Instrumentation stations 

Air, averaged 

Averaged 

Fan duct 

Close coupled 

Distortion 

Low-pressure compressor 

Gas 

Fan hub 

High-pressure compressor 

High-response pressure transducer 

Inbleed 

Constant 

Mixed, manifolded 

Divided by 

Corrected to Station 2, 3, 35c 

Fan tip 

Calculated 

Seventh-stage of high-pressure compressor 

Airflow-measuring venturi inlet 

Airflow-measuring venturi throat 

Test cell plenum 

Engine inlet duct upstream of lab seal 

Lab seal cavity 

Engine inlet duct downstream of lab seal 

Instrumented engine inlet extension 

Engine inlet 

Fan duct entrance 

Intermediate compressor inlet 
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2.15, (215C) Fan duct entrance downstream of inlet strut 

2.3, (23) Intermediate compressor outlet 

2.4, (24) High-pressure compressor inlet 

2.5, (25) 

3 

Seventh-stage high-pressure compressor 

High-pressure compressor outlet 
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